Protein synthesis has a key role in the control of cell proliferation, and its deregulation is associated with pathological conditions, notably cancer. Rapamycin, an inhibitor of mammalian target of rapamycin complex 1 (mTORC1), was known to inhibit protein synthesis. However, it does not substantially inhibit protein synthesis and cell proliferation in many cancer types. We were interested in finding a novel target in rapamycin-resistant cancer. The rate-limiting factor for translation is eukaryotic translation initiation factor 4E (eIF4E), which is negatively regulated by eIF4E-binding protein 1 (4E-BP1) . Here, we provide evidence that glycogen synthase kinase (GSK)-3b promotes cell proliferation through positive regulation of protein synthesis. We found that GSK-3b phosphorylates and inactivates 4E-BP1, thereby increasing eIF4E-dependent protein synthesis. Considering the clinical relevance of pathways regulating protein synthesis, our study provides a promising new strategy and target for cancer therapy.
INTRODUCTION
GSK-3 has important roles in cell metabolism and neurodevelopmental processes. Therefore, dysregulation of GSK-3 is involved in type 2 diabetes and neurological disorders. 1, 2 However, the role of GSK-3 in cancer is controversial. Early studies suggested that GSK-3 was a negative regulator of cancer cell proliferation. 3 Therefore, use of GSK-3 inhibitors has been questioned because of a concern that inhibition of GSK-3 may promote oncogenesis by activating pathways stimulating cell proliferation. 4 However, no direct in vivo evidence has indicated that GSK-3 inhibitors promote tumor development. [4] [5] [6] Moreover, Wang et al. 7, 8 recently demonstrated that a GSK-3 inhibitor prolonged the survival of animals with leukemia. In addition, growing evidence supports the idea that GSK-3 has a positive role in cancer cell proliferation. For example, GSK-3b overexpression and high GSK-3 activity has been found in many cancers, 3, 6 and GSK-3 inhibition reduced the survival of various cancer cell lines and predisposed them to undergo apoptosis. 6 Several reports indicate certain pathways in GSK-3b's role in tumorigenesis and tumor progression. For example, GSK-3b regulates nuclear factor-kB (NF-kB), Akt, Notch signaling, p53, the oncoprotein Maf and the homeobox gene. 7, [9] [10] [11] [12] [13] [14] [15] Therefore, the overall conclusion from these recent studies is that GSK-3 is a positive regulator of cancer cell proliferation and survival and that GSK-3 activity promotes tumorigenesis and tumor progression. 3, 6, 16 We recently showed that GSK-3 positively regulated the 70-kDa ribosomal protein S6 Kinase 1 (S6K1).
9 S6K1 is a well-known substrate of mTORC1. Rapamycin, an mTORC1 inhibitor, completely inhibits the activity of S6K1. In many breast cancer cell lines, rapamycin decreases cell proliferation through inhibition of S6K1. However, some breast cancer cell lines such as triplenegative breast cancer (ER À , PR À and HER2 À ), are resistant to rapamycin, and rapamycin does not suppress proliferation of these cells despite effective S6K1 inhibition. 17, 18 This suggests that S6K1 is not in the primary proliferation-regulating pathway in these cells. We showed that GSK-3 inhibition or rapamycin decreased proliferation of rapamycin-sensitive breast cancer cells through inhibition of S6K1. 9 We then asked whether GSK-3 could regulate the proliferation of rapamycin-resistant breast cancer cells. We found that proliferation of rapamycin-resistant breast cancer cells was markedly decreased by GSK-3 inhibition. These results suggested that mechanisms other than S6K1 regulation underlie the positive role of GSK-3 in the proliferation of breast cancer cells, especially rapamycin-resistant cancer cells. In this report, we show that GSK-3 positively regulates breast cancer cell proliferation by controlling protein synthesis.
RESULTS

GSK-3 positively regulates cell proliferation
We first asked whether GSK-3 could regulate the proliferation of rapamycin-resistant breast cancer cells in which complete inhibition of S6K1 activity by rapamycin does not affect cell proliferation. For this, we used the rapamycin-resistant breast cancer cell line, HCC1806 and two specific inhibitors of GSK-3, AR-A014418 and 1-Azakenpaullone. As expected, these GSK-3 inhibitors were effective in regulating a well-known GSK-3 substrate, glycogen synthase (GS) (Supplementary Figure S1A) . Cells were treated with the GSK-3 inhibitors or rapamycin, and cell proliferation was determined. Unlike rapamycin, the GSK-3 inhibitors suppressed cell proliferation (Figure 1a ), even though all three compounds reduced S6K1 phosphorylation (Figure 1b) . To examine the possibility that the decreased cell proliferation might be due to cell death, we measured cell death. As shown in Supplementary Figure S1B, cell death rates were between 4 and 7% in control cells and cells treated with GSK-3 inhibitors, suggesting that there is not much difference in cell-survival rates between these groups. To determine if decreased cell proliferation by GSK-3 inhibitors was a general phenomenon, we repeated the experiment with a different rapamycin-resistant breast cancer cell line, AU565. GSK-3 inhibitors decreased GS phosphorylation (Supplementary Figure S1A) , S6K1 phosphorylation (Supplementary Figure S1C) and cell proliferation (Supplementary Figure S1D) . Rapamycin also blocked S6K1 phosphorylation (Supplementary Figure S1C) but did not change the cell proliferation rate (Supplementary Figure S1D) . We also screened and used rapamycin-sensitive breast cancer cell lines, HCC1937 and SUM159. GSK-3 inhibitors decreased phosphorylation of GS (Supplementary Figure S1A) . In these cell lines, rapamycin and GSK-3 inhibitors decreased S6K1 phosphorylation (Supplementary Figure S1C) and cell proliferation (Supplementary Figure S1D) . These results suggest that GSK-3 can positively regulate cell proliferation independent of rapamycin sensitivity.
Mammalian GSK-3 has two isoforms, GSK-3a and GSK-3b. To determine which isoform of GSK-3 regulates cell proliferation, we generated stable GSK-3a and GSK-3b knockdown cells. As shown in Figure 1c , GSK-3b knockdown decreased S6K1 activity dramatically. We next measured cell proliferation. The GSK-3a knockdown had only a moderate effect on cell proliferation, but knockdown of GSK-3b profoundly decreased cell proliferation (Figure 1d ), suggesting that GSK-3b is a major positive regulator of cell proliferation. We observed the same results in other cell lines (Supplementary Figures S1E and S1F).
To further study the role of GSK-3 in cell proliferation, we used three-dimensional (3D) culture systems. Compared to control or rapamycin-treated cells, HCC1806 cells treated with GSK-3 inhibitors formed acini approximately three-fold smaller than those formed by control cells (Supplementary Figure S2A) . In all cell lines used, we observed the same results: cells treated with GSK-3 inhibitors showed smaller colony size irrespective of rapamycin sensitivity (Supplementary Figure S2A) . We measured the cell proliferation rate and found that GSK-3 inhibitors reduced cell proliferation in 3D culture systems (Supplementary Figure S2B) . We also found that knockdown of GSK-3b, but not GSK-3a, inhibited the increase in acini size (Supplementary Figure S2C) and cell proliferation (Supplementary Figure S2D) . Taken together, these results suggest that GSK-3b positively regulates cell proliferation.
To determine the function of GSK-3 in tumor growth in vivo, we used a mouse xenograft tumor model. After tumors were established, mice were treated with AR-A014418. All mice tolerated the inhibitor well. No significant adverse events or marked difference in mean body weight was observed during the treatment (Figure 2a ). GSK-3 inhibitor treatment significantly reduced tumor volume compared with control (Figures 2b and c) . We next used stable control or GSK-3b knockdown cells. As shown in Figures 2d and e, GSK-3b knockdown cells showed a dramatic reduction in tumor growth. These results suggest that GSK-3 is an important regulator of tumor growth in vivo.
GSK-3b is a positive regulator of protein synthesis We were curious about the mechanisms by which GSK-3b positively regulated cell proliferation. Protein synthesis has a key role in the control of tumor cell proliferation. 19 To determine whether GSK-3b regulates protein synthesis, we examined polysome assembly. Notably, we found that treatment of cells with GSK-3 inhibitor (Figure 3a) or knockdown of GSK-3b (Figure 3b ) significantly decreased polysome assembly, suggesting that GSK-3b has a major role in regulating mRNA translation. Next, we measured nascent protein synthesis with an amino-acid analog that incorporates into proteins during active protein synthesis. As shown in Figure 3c , GSK-3 inhibitors decreased protein synthesis.
In eukaryotic cells, the majority of mRNA translation is capdependent, meaning that it relies on a complex of proteins that assemble at the 7-methylguanosine cap at the 5 0 end of mRNA. 19 We found that treatment of cells with GSK-3 inhibitors inhibited the cap-dependent translation rate (Figure 3d ). To further explore the function of GSK-3b in cap-dependent translation, we used 7-methyl GTP sepharose beads in which 7-methyl GTP mimics the cap at the 5 0 end of mRNA. It is known that an eIF4F complex (eIF4E, eIF4A and eIF4G) binds to the cap of mRNA and initiates cap-dependent translation. Formation of the eIF4F complex is dependent on the bioavailability of eIF4E that is negatively regulated by its binding partner, 4E-BP1. 19 The binding of 4E-BP1 to eIF4E depends on 4E-BP1 phosphorylation. The unphosphorylated or hypophosphorylated form of 4E-BP1 is active and binds to eIF4E, which inhibits eIF4E. Phosphorylation of 4E-BP1 inhibits its activity, and thereby relieves its binding to eIF4E, which allows eIF4E to initiate translation. To determine whether GSK-3b regulated mRNA cap complex formation, we performed precipitations using 7-methyl GTP sepharose beads. As shown in Figure 3e , the amount of 7-methyl GTP-bound eIF4E was nearly unchanged after treatment with GSK-3 inhibitors. However, unlike rapamycin, GSK-3 inhibition resulted in a dramatic increase in 4E-BP1 binding to 7-methyl GTP. eIF4G interacts with eIF3, a scaffold of the translation initiation complex, and other components of the eIF4F complex such as eIF4E and eIF4A. 20 Therefore, eIF4G competes with 4E-BP1 to bind eIF4E. As GSK-3 inhibition resulted in increased interaction of 4E-BP1 to eIF4E, we were interested in determining whether GSK-3 inhibition could decrease the interaction between eIF4G and eIF4E. As shown in Figure 3e , GSK-3 inhibition decreased the interaction between eIF4G and eIF4E. Next, we used different cell lines and performed a cap-binding assay. As shown in Supplementary Figure S3A -S3C, GSK-3 inhibition increased binding of 4E-BP1 to eIF4E. We also found that eIF4E-bound 4E-BP1 levels were increased in GSK-3b knockdown cells, while interaction of eIF4G and eIF4E was decreased in these cells (Figure 3f ).
GSK-3b regulates 4E-BP1 phosphorylation
We next studied, in detail, the relationship between GSK-3b and 4E-BP1. 4E-BP1 has multiple important phosphorylation sites. Thr37/Thr46, Thr70 and Ser65 all have key roles in regulating 4E-BP1 activity. It is known that Thr37/Thr46 must be phosphorylated first. Subsequently, Ser65 is phosphorylated, and then 4E-BP1 becomes inactive and dissociates from eIF4E. 21 The phosphorylation of Thr70 is complicated and controversial. 22, 23 We first measured phosphorylation of these sites after treatment with GSK-3 inhibitors or rapamycin. Interestingly, we found that GSK-3 inhibitors profoundly decreased phosphorylation at all of these sites, but rapamycin did not ( Figure 4a ). We used different Figure S4D) and UB (normal ureteric bud cell) (Supplementary Figure S4E) , and determined that GSK-3 regulated 4E-BP1 phosphorylation, while rapamycin did not, in rapamycin-resistant cells. We also found that GSK-3b knockdown decreased phosphorylation at all of the sites, whereas GSK-3a knockdown did not have a significant effect (Figure 4b ). We examined this effect using 3D culture as well. Treatment with GSK-3 inhibitors for 24 h decreased phosphorylation at these sites, but rapamycin did not (Supplementary Figure S4F) . Taken together, these results suggest that GSK-3b is a positive regulator of 4E-BP1 phosphorylation. Figure 3 . GSK-3b positively regulates protein synthesis. Data are representative of at least three independent experiments. Where applicable, data are the means ± s.e.m. of three separate experiments performed in triplicate. Results were statistically significant (*Po0.01) as assessed by using the Student's t-test. (a) HCC1806 cells growing in the presence of serum were treated with AR-A014418 (25 mM) for 24 h, after which polysomal fractionation was performed. (b) Polysomal fractionation was performed using stable control or GSK-3b knockdown cells. (c) Nascent protein synthesis was measured in a time-dependent manner with GSK-3 inhibitor and rapamycin as described in Materials and methods. (d) HCC1806 cells were transfected with the bicistronic reporter plasmid pRMF to measure cap-dependent or -independent translation. Forty-eight hours after transfection, cells were treated with GSK-3 inhibitors or rapamycin for 24 h. Luciferase activity was measured and normalized by mRNA. (e) HCC1806 cells growing in the presence of serum were treated with AR-A014418 (20 mM), 1-azakenpaullone (30 mM), or rapamycin (20 nM) for 24 h. 4E-BP1 cap-binding activity was measured using 7-methyl GTP sepharose. For eIF4G pull-down, cell lysate was immunoprecipitated with anti-eIF4G antibodies and subjected to immunoblot analysis. (f ) GSK-3a or GSK-3b knockdown HCC1806 cells were lysed and cap-binding activity was measured or immunoprecipitated with anti-eIF4G antibodies.
GSK-3b positively regulates protein synthesis S Shin et al GSK-3b regulates 4E-BP1 phosphorylation at Thr37/Thr46 independent of known upstream kinases of 4E-BP1 After finding that GSK-3b regulated phosphorylation of 4E-BP1, we were curious about the mechanism of this regulation. We first examined the phosphorylation of Akt and ERK, the well-known upstream kinases responsible for 4E-BP1 phosphorylation. As shown in Figure 5a , GSK-3 inhibitors did not affect phosphorylation of Akt and ERK. Neither GSK-3a knockdown nor GSK-3b knockdown resulted in any change in phospho-Akt and phospho-ERK levels ( Figure 5b) . Next, we knocked down raptor, an essential component of mTORC1, and determined 4E-BP1 phosphorylation. As shown in Figure 5c , raptor knockdown did not decrease 4E-BP1 phosphorylation, which suggests that mTORC1 may not be involved in 4E-BP1 phosphorylation at Thr37/46. However, GSK-3 inhibitors still decreased 4E-BP1 phosphorylation in raptor knockdown cells. These results suggest that regulation of 4E-BP1 by GSK-3b is not dependent on these known upstream regulators of 4E-BP1 phosphorylation. It is known that T37/T46 phosphorylation is required for S65 phosphorylation, and we found that GSK-3b markedly affected T37/T46 and S65 phosphorylation (Figure 4 ). In addition, it is also known that T37/T46 phosphorylation is constitutive irrespective of growth factor withdrawal 24, 25 and, unlike other kinases, GSK-3b is also active in the absence of growth factors. 4, 26 Thus, we hypothesized that GSK-3b might regulate 4E-BP1 activity through T37/T46 phosphorylation. Before testing this idea, we first determined whether T37/T46 phosphorylation indeed affected the phosphorylation of S65. For this, we expressed a 4E-BP1 T37A/T46A mutant and examined S65 phosphorylation. As shown in Supplementary Figure S5A , wildtype 4E-BP1 showed S65 phosphorylation, but the T37A/T46A mutant did not show any increase in phosphorylation at S65. Next, we starved cells by incubation in serum-free medium and found that there was little decrease in total T37/46 phosphorylation, although there was a band shift. However, serum starvation decreased the levels of S65 phosphorylation (Supplementary Figure S5B) . Next, we examined the effect of T37/46 on polysome assembly. As shown in Figure 5d , T37/46A mutant-expressing cells showed decreased polysome assembly, suggesting that phosphorylation of T37/46 is important for mRNA translation. We next examined the function of 4E-BP1 on tumor growth in vivo. As shown in Figures 5e and f, the T37/46A mutation profoundly inhibited tumor growth in vivo.
GSK-3b directly phosphorylates 4E-BP1 at Thr37/Thr46, which requires phosphorylation at priming sites We next tested our hypothesis that GSK-3b regulates 4E-BP1 phosphorylation through the regulation of T37/46 phosphorylation. First, we focused on the identical amino acid sequence around T37 and T46:
37 TPGGT 41 and 46 TPGGT 50 . T37 and T46 are each N-terminal to prolines (P), which are possible phosphorylation sites for proline-directed kinases that phosphorylate serine or threonine residues preceding prolines (Ser/Thr-Pro). 27 Interestingly, GSK-3b is also a proline-directed kinase and many GSK-3b substrates have S 1 /T 1 -P-X-X-S 2 /T 2 motifs in which the first S 1 or T 1 is phosphorylated by GSK-3b 27 ( Figure 6a ). Both T37 and T46 in 4E-BP1 have T-P-X-X-T motifs, consistent with other GSK-3b substrates. This suggests that T37 and T46 could be directly regulated by GSK-3b. To test this, we asked whether other known proline-directed kinases could regulate phosphorylation of T37/46. We found that only a GSK-3 inhibitor altered T37/T46 phosphorylation, and inhibitors of other proline-directed kinases did not affect the phosphorylation of T37/46 ( Figure 6b ). Therefore, we wondered if GSK-3 directly phosphorylates 4E-BP1 at T37/46. By using recombinant GSK-3b and purified 4E-BP1, we performed an in vitro kinase assay in which we examined phosphorylation of T37/T46. As shown in Figure 6c , GSK-3b increased phosphorylation at these sites, demonstrating that GSK-3b is a kinase for 4E-BP1 phosphorylation at T37/T46 in vitro. We also measured phosphorylation of 4E-BP1 at S65 by GSK-3b, but we could not see the increase (Supplementary Figure S6A) .
GSK-3b usually depends on a priming-site phosphorylation. Many GSK-3b substrates have a S 1 /T 1 -P-X-X-S 2 /T 2 motif, where the first S 1 50 ) were required for the phosphorylation of T37/T46. By using mass spectrometry analysis, we found that both T41 and T50 were phosphorylated (Supplementary Figure S6B) . 30 We also used Cell Signaling Technology PhosphositePlus, a phosphorylation site database, and confirmed the phosphorylation of 4E-BP1 at T41 and T50. To test the idea, we purified T41A/T50A 4E-BP1 mutants and performed a kinase assay using recombinant GSK-3b. The phosphorylation of T37/T46 in these mutants was only slightly affected by GSK-3b, compared with wild-type 4E-BP1 (Figure 6d) . As mTORC1 is known to phosphorylate 4E-BP1 in vitro, we determined whether mTORC1 could phosphorylate T41/50A mutant 4E-BP1 at T37/46. As shown in Supplementary Figure  S6C , mTORC1 increased phosphorylation of T37/46 in vitro. We also expressed these mutants in cells and examined the GSK-3b positively regulates protein synthesis S Shin et al phosphorylation of 4E-BP1. The dominant-negative mutation T41A/T50A dramatically decreased the phosphorylation of T37/ T46 and S65 (Figure 6e ). We next examined the proliferation of cells stably expressing the T37/46A or T41/50A mutants. As shown in Figure 6f , both mutants decreased cell proliferation. Considering that T37/46A and T41/50A mutant expression levels are low compared with WT 4E-BP1 (Figure 6e and Supplementary Figure  S5A) , dramatic inhibition of cell proliferation by these mutants with this lower expression suggests that both mutants are strong negative regulators of cell proliferation.
GSK-3 positively regulates cell proliferation through inactivation of 4E-BP1
We were interested in determining if GSK-3 regulated cell proliferation through 4E-BP1 phosphorylation. We first examined whether GSK-3 inhibitors or rapamycin affect cell proliferation and 4E-BP1 phosphorylation in 3D culture systems. As shown in Supplementary Figure S7A , long-term treatment with GSK-3 inhibitors profoundly inhibited increase of acini size and T37/T46 phosphorylation. However, rapamycin did not show any dramatic effect. We next used GSK-3a or GSK-3b knockdown cells and found that GSK-3b knockdown also showed the same pattern as GSK-3 inhibitors (Supplementary Figure S7B) . As GSK-3 inhibition prevented dissociation of 4E-BP1 and eIF4E, we hypothesized that GSK-3 inhibition would not affect 4E-BP1-dependent eIF4E activity, translation and cell proliferation in the presence of very low 4E-BP1 levels. To test this idea, we made stable 4E-BP1 knockdown cells (Figure 7a ) and compared cap-dependent translation in these cells to cells with normal 4E-BP1 levels. Unlike the control cells, GSK-3 inhibitor treatment did not dramatically decrease cap-dependent translation in stable 4E-BP1 knockdown cells (Figure 7b ). We next examined the proliferation of 4E-BP1 knockdown cells in the presence or absence of GSK-3 inhibitors. GSK-3 inhibitors decreased control cell proliferation (Figure 7c ), but did not have much effect on the proliferation of 4E-BP1 knockdown cells. Similar results were seen in 3D culture; decreased acini size by GSK-3 inhibitors was also recovered in 4E-BP1 knockdown cells (Supplementary Figures S7C and S7D ).
DISCUSSION
GSK-3 has paradoxical roles in cancer. On one hand, GSK-3 can act as a tumor promoter that potentiates tumor growth. On the other hand, it can function as a tumor suppressor that inhibits tumor cell survival. Nonetheless, many other molecules have similar dual roles in tumor initiation and progression. For example, Notch signaling is often considered a proto-oncogene because of its role as the main trigger of T-cell acute lymphoblastic leukemia. However, recent evidence unexpectedly showed that Notch signaling can also have a potent tumor-suppressor function in both solid tumors and hematological malignancies. 31 GSK-3 inhibitors have emerged as promising drugs to treat type 2 diabetes and neurological disorders. However, these diseases are also associated with increased cancer incidence and progression. [32] [33] [34] If GSK-3 inhibitors are used therapeutically to treat type 2 diabetes and neurological disorders, it will be important to understand how the tumor-promoter function of GSK-3 is counterbalanced by its tumor-suppressor function. GSK-3 inhibitors could block either tumor-suppressive or tumorpromoting activity, and it will be important to determine which functions predominate in cancer. 35 Our results suggest that targeting GSK-3 may be another way to inhibit the proliferation of cancer cells irrespective of rapamycin sensitivity. It has been shown that rapamycin and its analogs are having disappointingly mild effects on many cancers, such as breast cancer. One of the reasons for the weak effect that we and others have identified is that mTORC1 inhibition leads to feedback activation of the cell-survival pathway. 30, 36 In addition, we and others found that rapamycin does not block 4E-BP1 phosphorylation and mRNA translation in many cell types. 37, 38 In rapamycin-resistant cancer cells, 4E-BP1 is a key determinant of cell proliferation and cancer progression, while S6K1 is dispensable for these functions. 39, 40 These mechanisms partly explain why rapamycin alone does not exert a strong antiproliferative effect on cancer cells. To overcome rapamycin's weaker effect and incomplete inhibition of mTORC1, ATP-competitive mTOR kinase inhibitors to block both mTORC1 and mTORC2, and dual-specificity inhibitors to block PI3-Kinase and mTOR have been developed. Although these inhibitors show a stronger effect than rapamycin alone on tumor progression, recent studies using a panel of colorectal cancer cell lines show that still 40% of the cell lines are resistant to these inhibitors and this resistance is correlated with inability of these inhibitors to block 4E-BP1 phosphorylation at T37/46. 39 In light of this, we were interested in finding the unidentified 4E-BP1 kinase. Recently, it was reported that 4E-BP1 interacts with GSK-3b. 41 Here, we show that GSK-3b positively regulates 4E-BP1 phosphorylation and protein synthesis, which is consistent with other current reports that GSK-3 is a tumor promoter and positively regulates cancer cell growth and proliferation. 3, 4, 6, 16 Although we determined that GSK-3 regulates the phosphorylation of Thr37/46, it is also possible that GSK-3 could regulate the phosphorylation of other sites (S65 and/or T70) in some cancer cells. It is known that S65 is regulated by mTORC1, 42 which is mainly regulated by the Akt pathway. 43 We showed that GSK-3 regulated Akt activity in some cancer cells, 9 and a recent kinome-wide screen demonstrated that GSK-3 is a positive regulator of Akt in breast cancer cell lines. 15 It is also known that p53 activation results in rapid dephosphorylation of 4E-BP1 and inhibition of translation initiation. 44 GSK-3 can inactivate p53, 13, 45 which may lead to increases in the phosphorylation of 4E-BP1 and protein synthesis. Therefore, GSK-3 may act through several pathways that can regulate 4E-BP1 and protein synthesis depending on cellular context. Several AGC kinases, which include S6K1 and Akt, contain an important phosphorylation site, the turn motif, which has a Ser/Thr-Pro sequence that stabilizes the active conformation of the kinase. 42 We recently reported that GSK-3b, a proline-directed kinase, positively regulates S6K1 activity by modulating turn motif 371 SPDDS 375 phosphorylation at S371. 9 Interestingly, 4E-BP1 has the same turn motif-like sequences (  37 TPGGT  41 and  46 TPGGT  50 ) , which also function like the turn motif in S6K1. 42 That is, both motifs include the S/T-P-X-X-S/T sequence (Figure 6a) , and like S6K1 turn-motif phosphorylation (S371), the motifs of 4E-BP1 (T37/ 46) are constitutively phosphorylated irrespective of the presence of serum. 24, 25 Moreover, turn-motif phosphorylation in S6K1 is essential for subsequent hydrophobic-motif phosphorylation (T389) and S6K1 activity, and phosphorylation of turn motif-like T37/46 residues in 4E-BP1 is essential for subsequent phosphorylation at S65 and the ensuing inactivation of 4E-BP1. The turn-motif phosphorylation mechanism is poorly characterized, but recently, it was shown that mTOR complex 2 (mTORC2) regulates phosphorylation of the turn motif in Akt cotranslationally. 46 A recent study suggests that turn motif-site phosphorylation of S6K1 at S371 may occur cotranslationally. 47 For some members of the AGC kinase group, the turn-motif site is constitutively phosphorylated and this phosphorylation occurs during or immediately after mRNA translation. 42 In addition, dephosphorylation of these turn-motif sites requires a longer time than that of the hydrophobic motifs. 42 Considering the similarities in sequence and function between the S6K1 and 4E-BP1 motifs, it will be interesting to determine whether GSK-3b regulates phosphorylation of 4E-BP1 at turn motif-like sequences during or immediately after mRNA translation.
In summary, we have provided strong evidence that GSK-3b positively regulates 4E-BP1 phosphorylation thereby regulating 4E-BP1 activity, protein synthesis and cell proliferation. However, 4E-BP1 knockdown did not completely restore cap-dependent translation and cell proliferation suppressed by GSK-3 inhibition (Figure 7 and Supplementary Figure S7 ). This suggests that GSK-3b may regulate other molecules involved in translation and proliferation in cancer. In support of this, GSK-3b is also known to modulate NF-kB, Akt, Notch signaling, p53, the oncoprotein Maf and the homeobox gene to positively regulate cancer cell proliferation and tumor progression. 7, [9] [10] [11] [12] [13] [14] [15] Many studies have shown that GSK-3 is highly active and overexpressed in many cancers.
3,48-50 Moreover, it has been shown that GSK-3 remains highly active in most cancers that have highly active Akt. 48, 49, 51 Therefore, for reasons that are not clear, Akt activation and GSK-3 inhibition are not always correlated in human cancers, and a pool of GSK-3 remains active in cancers and cells growing in the presence of serum. 9 Therefore, targeting GSK-3 alone or targeting both GSK-3 and mTORC1 may be effective in inhibiting cancer cell growth and proliferation.
MATERIALS AND METHODS
Cells and reagents
Generation of stable knockdown and overexpression cells Stable cells were generated as described previously. 9 
Polysomal fractionation
Polysome fractionation was performed as described previously. 
Cell death assays
The sub-G1 cell population was measured using flow cytometry as described previously. 55 Protein synthesis assay
To determine nascent protein synthesis, Click-iT AHA (L-azidohomoalaine), Alexa Fluor 488 alkyne, and Click-iT cell reaction buffer kit were purchased from Invitrogen (Grand Island, NY, USA) and used according to the manufacturer's protocol.
Animal studies
For GSK-3 inhibitor treatment studies, HCC1806 cells (1 Â 10 6 cells) were injected subcutaneously into 5-6-week-old female nu/nu mice (Harlan Laboratories, Indianapolis, IN, USA). After subcutaneous tumors were formed, mice were randomly divided into three groups for intraperitoneal injection three times a week with DMSO (a diluent of AR-A014418) or two different concentration of AR-A014418 (2.5 mg kg À 1 or 5 mg kg À 1 body weight) based on previous reports. 56, 57 For another study, to determine the effect of GSK-3b or 4E-BP1 mutant T37/46A on tumor growth, stable cells were injected subcutaneously into 5-6-week-old female nu/nu mice and tumor diameter was measured. mTORC1 kinase assay mTORC1 kinase assay using 4E-BP1 as a substrate was performed as described previously. 58 Three-dimensional cell culture
The 3D culture of cells in Matrigel (BD Biosciences, San Jose, CA, USA) was carried out as previously described. 59, 60 GSK-3b kinase assays For the GSK-3b kinase assay using 4E-BP1 as the substrate, HEK293 cells were transfected with pcDNA3-HA-4E-BP1 for 2 days and treated for 2 h with LY294002, a PI3-kinase pathway inhibitor. Cells were lysed and immunoprecipitation was performed using an HA antibody immobilized onto sepharose matrix. Beads were washed twice in lysis buffer and three times in l-phosphatase buffer, and incubated with l-phosphatase for 1.5 h at 37 1C. Beads were then washed three times with GSK-3 reaction buffer (NEB). Kinase assays were performed for 1 h at 30 1C in GSK-3 reaction buffer containing 500 mM ATP, with recombinant GSK-3b (NEB) and immunoprecipitated HA-4E-BP1 as the substrate. The reaction products were subjected to SDS-PAGE and immunoblot analysis was performed using an anti-phospho-T37/T46 4E-BP1 antibody. For the GSK-3b kinase assay using 4E-BP1 WT and T41A/T50A mutant, the same method was used except that kinase assays were performed for 20 min at 30 1C.
Cap-binding assay and bicistronic luciferase assay
Cap-binding assay and bicistronic luciferase assay were performed as described previously. 54 
